Two-dimensional electrophoretograms were prepared from wild-type C57BL/6J embryos from day 7.5 through day 9.0 of development. This time period encompasses a critical window of development as the embryo traverses from an egg cylinder through major organogenesis. Consequently, we term this resource MOPED (for mouse organogenesis protein electrophoresis database). By resolving and analyzing the behavior of approximately 1,000 polypeptides per time point, we were able to track many of these polypeptides through this time period in development. Of special note was a burst of induced protein synthesis that was observed on day 8.5 of development. Polypeptides observed in mouse embryos that match those identified previously in mouse fibroblasts were noted. Two of them (the intermediate filamentassociated protein and tropomyosin-4) were significantly altered in 8.5 day embryos. As more polypeptides are designated, it will be possible to expand the known proteins in the database. MOPED establishes the patterns of synthesis of a large number of polypeptides during a crucial period of development. Thus MOPED is designed to analyze proteins relevant to mouse embryogenesis in the future.
INTRODUCTION
The development of the mouse embryo from an egg cylinder with a simple form to a recognizable entity with distinct organs occurs during a narrow window of embryogenesis. To distinguish the proteins that are made throughout, are extinguished, and are initiated during this time, we compared two-dimensional gels from 7.5, 8.0, 8.5, and 9.0 day C57BL16J embryos. In particular, the standardized gel electrophoretic and computerized analysis system (PDQUEST) enabled us to achieve the reproducible, standardized analysis necessary for the construction of a database. Our results establish a MOPED (for mouse organogenesis protein electrophoresis database) for C57BL/6J mice that covers this time period and that can be used as a standard in future investigations. For example, in the accompanying papers we use these databases to examine the determination of laterality in murine embryogenesis and to detect polypeptides made in the developing heart. 0 1991 WILEY-LISS, INC.
MATERIALS AND METHODS
Staging of Mouse Embryos At the appropriate interval after mice were mated, C57BL/6J pregnant females were sacrificed and embryos were harvested. Embryos were examined in serum-free Eagle's minimum essential medium without methionine under a dark field dissecting microscope. Only embryos that were of the appropriate Theiler (1972) stage were used for experiments. The Theiler stage criteria used were 7.5 day, stage 11 (neural plate and presomite stage); 8.0 day, stage 12 (one to seven somites); 8.5 day, stage 13 (eight to 12 somites); and 9.0 day, stage 14 (13 to 20 somites). Only embryos meeting these two criteria of correct date of conception and morphology were processed for twodimensional gels.
Embryo Culture
Embryos were cultured for 3 h in Eagle's minimum essential medium (without methionine) supplemented with 0.5 mCi/ml of 35S-l-methionine (>1,000 Ci/mmol; Amersham) without serum or unlabeled 1-methionine. This resulted in the incorporation of labeled l-methionine into the >95% of proteins that contain this amino acid. The culture took place in a 37°C incubator with 5% GO2 and 95% air as a gassing agent. Each embryo was cultured in medium in a sterile Eppendorf tube that was allowed to equilibrate throughout with the gassing mixture. That embryos survived this procedure was confirmed by two criteria: The embryos were larger and the hearts were still beating (in older embryos in whom hearts could be observed) after this incubation. The amounts of liquid were 25 pl for 7.5 day, 50 pl for 8.0 and 8.5 day, and 100 pl for 9 day embryos. The labeled embryos were then spun down for 1 min at 12,00Og, the supernatant was removed, and the embryo pellet was quick frozen at -80°C.
Protein Extraction
Protein samples were prepared using the methods of Garrels (1979 Garrels ( ,1983 . For lysis, the frozen embryos were resuspended in TS-SDS sample buffer (Protein Databases, Inc., Huntington Station, NY), using 25 pl for 7.5 day, 50 pl for 8.0 and 8.5 day, and 100 p1 for 9 day embryos, followed by heating in a boiling water bath and incubation at 100°C for 3 min. The samples were vortexed and reincubated at 100°C for an additional 3 min. The samples were then quick cooled on ice and spun for 10 min at 12,OOOg. The supernatant was incubated on ice for 2 min with an equal volume of DNAseiRNAse (Protein Databases, Inc.) to reduce viscosity. The mixture was then snap frozen in liquid nitrogen and sent to Protein Databases, Inc. on dry ice for electrophoretic analysis. Following determination of trichloroacetic acid (TCAbprecipitable counts, samples were lyophilized and dissolved in isoelectric focusing buffer (9.5 M urea, 2% NP-40, 100 mM dithiothreitol [DTT] , and 2% basic ampholines) at 37°C for 30 min.
Two-Dimensional Gel Analysis of Labeled
Mouse Embryos Two-dimensional gel electrophoresis was performed at Protein Databases, Inc. on an equilibrium twodimensional gel in a standardized manner as described elsewhere (Garrels, 1979 (Garrels, , 1983 . Two hundred fifty thousand disintegrations per rnin of TCA-precipitable material was applied to each gel. This study was restricted to the more informative and reproducible equilibrium format, which uses broad range ampholytes (pH 3-10) in the first dimension, yielding a pH gradient of 4.0-7.8. The second-dimension gel electrophoresis was performed with 12.5% acrylamide, which resolves a useful range of 12,000-200,000 M,. Gels with radioactive calibration strips containing known amounts of radioactive protein were processed for fluorography , and multiple autoradiographic exposures of each gel were made as described previously (Garrels, 1979 (Garrels, , 1983 Garrels et al., 1984) .
Image Analysis
Autoradiograms were scanned with an Eikonix 78179 camera system at 200 pm resolution. Images were processed using the PDQUEST computer analysis programs based on the initial design of the Quest program of Garrels et al. (1984) . For each gel, films corresponding to four autoradiographic exposure time points were developed to ensure that each spot was quantitated using an appropriate film on which the spot was present in the linear range for the film. The three most appropriate exposures were scanned and merged to form a composite image of a given embryo's protein synthesis. This provided a dynamic range of detection and allowed all proteins to be quantitated accurately. Images of embryo proteins from each time point (7.5, 8.0, 8.5, and 9.0 days) were assembled into matchsets and analyzed on a MassComp 68020 minicomputer. One image from each matchset was selected to be the standard (reference) image against which protein spots in the other images of the matchset were matched. The PDQUEST program assigned identification numbers to each protein spot in the standard image. Thus identical proteins in images in different matchsets will not necessarily have the same identifying number. It was then possible to compare polypeptides synthesized at different times during development. This analysis was performed by comparing two different matchsets, each containing images from samples of one time point. The comparisons included 7.5 day postcoitum vs. 8.0 day, 8.0 day vs. 8.5 day, and 8.5 day vs. 9.0 day. This method increased the reliability of the comparison; it required the analysis of multiple gels for each time point during embryogenesis. All data in each comparison were normalized between samples. The t test was performed at the two-tailed 99% confidence level (P = 0.01) (Spurr and Bonini, 1973) . In addition, the PDQUEST program performed the Mann-Whitney rank-sum test (Sokal and Rohlf, 1969) and the log t test (Spurr and Bonini, 1973) at the two-tailed 95% confidence level ( P = The 95% level test of significance for these three tests is performed automatically by the PDQUEST program. We increased stringency to 99% for the t test. These levels are comparable to levels used in studies employing two-dimensional gel electrophoresis to determine significant protein changes under various conditions. For example, Merril et al. (1981) used both 95% and 99% levels of the t test to determine significant quantitative alterations in labeled phytohemaglutinin-stim-.ulated lymphocytes from Lesch-Nyhan syndrome patients and controls; the 95% level of the t test was also used to study cerebrospinal fluid proteins in neurological disease patients by Harrington et al. (1984) ; and a study of human brain proteins from cortical sections obtained under different conditions used the t test at 95%, 97.5%, and 99% levels (Narayan et al., 1984) .
This computer analysis distinguished proteins that differed significantly in quantity between the two groups in each comparison as well as qualitative differences (specific to one or the other group). These putative significant protein spots were each examined critically in all autoradiograms for authenticity. Spots that were obscured in a streak or smudge, were very faint, displayed an inconsistent pattern, or were otherwise questionable were excluded from the analyses.
RESULTS
Following examination of images, we accepted only autoradiograms of sufficient reproducibility to permit standardization of time points during embryogenesis. An example of these autoradiograms for each time point is shown in Figure 1 . Four time points with four gels per time point were used for this study, except for 8.5 day embryos, for which nine gels were used. To ensure reproducibility, each time point was described by multiple gels, as indicated in Tables 1-4 . A representative scatterplot from each comparison, demonstrating the relatedness of two images, is shown in Figure 2 .
The first comparison made was between 7.5 and 8.0 day embryos. As is shown in Table 1 , using three different tests of significance, there were five spots that were increased on day 8.0 and 15 spots that were increased on day 7.5. In addition, there were three spots in 7.5 day embryos that were not seen in 8.0 day embryos.
The second comparison was between 8.0 and 8.5 day embryos, which coincides with the time when organogenesis is beginning. As is shown in Table 2 , 36 spots increased significantly on day 8.5 and 33 spots increased significantly on day 8.0. In addition, there were two spots unique to 8.0 day embryos.
The third comparison was between day 8.5 and 9.0 embryos. As is shown in Table 3 , 19 spots increased significantly on day 9.0 and 24 spots increased significantly on day 8.5. There was a single spot that was unique to 8.5 day embryos.
The frequency of these qualitative protein changes that appeared to be induced in each comparison is depicted in Figure 3 . It is apparent from Figure 3 that the embryo undergoes a significant alteration in protein synthesis on day 8.5 of development. The increased number of proteins induced (or that had not been expressed previously in sufficient quantity to be detected) in the 8.0-8.5 day embryo comparison vs. the 7.5-8.0 day embryo comparison indicates that a considerable shift in protein synthesis is occurring on day 8.5.
The standard images were each compared with published images in which the identities of some polypeptide spots were identified as known mouse proteins (Blose, 1986) . Those that could be located on our images are indicated in Table 4 . It appeared that one of the proteins (No. 72021, which was significantly less in 8.5 day embryos than 8.0 day embryos, is the intermediate filament-associated protein. Another one (No. 203) that was significantly greater in 8.5 day embryos than 8.0 day embryos appeared to be tropomyosin-4.
DISCUSSION
Previous investigations have focused on two-dimensional protein patterns of mouse cells and tissue (Fey et al., 1984; Jungblut et al., 1989; Pluschke and Lefkovits, 19841, mouse embryos (Klose, 19831 , and early mouse embryos (Magnuson and Epstein, 1981; Van Blerkom, 1981; Van Blerkom et al., 1982) . However, differences in gel running conditions between individuals laboratories can make published gel patterns very difficult to compare with one's own images. This was a major reason for selecting Protein Databases, Inc. as the place for all electrophoresis to be performed: Gels that resolved many polypeptides were run according to a standard format with a high degree of reproducibility. Our experiments involved comparing matchsets of gels run at different times. There were distortions, mainly in the pH gradient of gels run at different times, that prevented accurate matching of all spots. Those polypeptides displaying significant changes as reported here were ascertained carefully and were in reproduc-
